The thermal conductance of a single channel is limited by its unique quantum value G Q , as was shown theoretically 1 in 1983. This result closely resembles the well-known quantization of electrical conductance in ballistic one-dimensional conductors 2, 3 . Interestingly, all particles-irrespective of whether they are bosons or fermions-have the same quantized thermal conductance 4,5 when they are confined within dimensions that are small compared to their characteristic wavelength. The single-mode heat conductance is particularly relevant in nanostructures. Quantized heat transport through submicrometre dielectric wires by phonons has been observed 6 , and it has been predicted to influence cooling of electrons in metals at very low temperatures due to electromagnetic radiation 7 . Here we report experimental results showing that at low temperatures heat is transferred by photon radiation, when electron-phonon 8 as well as normal electronic heat conduction is frozen out. We study heat exchange between two small pieces of normal metal, connected to each other only via superconducting leads, which are ideal insulators against conventional thermal conduction. Each superconducting lead is interrupted by a switch of electromagnetic (photon) radiation in the form of a DC-SQUID (a superconducting loop with two Josephson tunnel junctions). We find that the thermal conductance between the two metal islands mediated by photons indeed approaches the expected quantum limit of G Q at low temperatures. Our observation has practical implications-for example, for the performance and design of ultra-sensitive bolometers (detectors of far-infrared light) and electronic micro-refrigerators 9 , whose operation is largely dependent on weak thermal coupling between the device and its environment.
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To get a picture of the radiative thermal coupling, we start by considering two resistors at temperatures T e1 and T e2 , whose resistances are R 1 and R 2 , respectively, connected via a frequency (v/2p) dependent impedance Z(v); see Fig. 1 . For simplicity we assume Z(v) to be fully reactive, so that only the two resistors emit and absorb noise heating. The net power flow P n between the two resistors from 1 to 2 due to the electron-photon coupling is then given by 1, 7 :
Here, Z t (v) ; R 1 1 R 2 1 Z(v) is the total series impedance of the circuit, and
21 are the boson occupation factors at the temperatures of the resistors i 5 1, 2. Specifically, for a lossless direct connection of the two resistors, Z(v) ; 0, we can integrate equation (1) with the result:
Here r 0 ; 4R 1 R 2 /(R 1 1 R 2 ) 2 is the matching factor, which obtains its maximum value of unity when R 1 5 R 2 . Thermal conductance by the photonic coupling, G n (defined as the linear response of P n for small temperature difference DT ; T e1 2 T e2 around T ; (T e1 1 T e2 )/2), can then be obtained from equation (2) for the lossless connection as
where
T is the quantum of thermal conductance. Thus G n attains the maximum value for a single transmission channel, G Q , in a matched circuit. This result is predicted to hold not only for such photon-mediated coupling, but much more generally for carriers of arbitrary exclusion statistics 10,11 from bosons to fermions 4, 5, [12] [13] [14] . Note that discussion on massless bosons such as photons or phonons is identical in detail 1 , with proper definition of channel transmission in each case. Quantized thermal conductance was observed for the first time in phonons in ref. 6 .
Owing to its relatively weak temperature dependence, / T, electron-photon coupling is expected to become the dominant relaxation means at sufficiently low T. The competing electron-phonon thermal conductance G ep behaves normally as G ep < 5SVT 4 , where S is a material parameter and V is the volume of the resistor. This result derives from the expression for heat flux from electrons to lattice, P ep < SV(T ei 5 2 T 0 5 ), where T ei and T 0 are the temperatures of the electrons in the resistor and of the lattice, respectively 8 . Equating G n from equation (3) To investigate the electron-photon thermal conduction experimentally, we have embedded a tunable impedance between the two resistors. This allows us to measure the modulation of P n , or G n , in response to the externally controllable impedance Z(v). In practice the two resistors are connected to each other symmetrically by two aluminium superconducting lines, interrupted by a DC-SQUID (superconducting quantum interference device) in each line, as shown in the electron micrograph and in the electrical model in Fig. 1 . These SQUIDs serve as the thermal switches between the resistors, as will be described below.
The structures have been fabricated by electron-beam lithography and three angle shadow evaporation. The film thickness of the superconducting lines is 20 nm. The two AuPd resistors are nominally identical-6.6 mm long, 0.8 mm wide and 15 nm thick. Their resistances are R i < 200 V each. One of them, say R 1 , is connected by four NIS (normal-insulator-superconductor) tunnel junctions to external aluminium leads to allow for thermometry 16 and Joule heating. The normal state resistance of each NIS junction is about 50 kV. The resistors are connected by direct NS contacts to the superconducting lines in between, without a tunnel barrier. They are, however, long enough such that they are not noticeably affected by proximity superconductivity. This is verified by the measured tunnel characteristics of the nearby NIS tunnel junctions. Owing to the superconductors being at a low working temperature, which is typically a factor of ten below the critical temperature T C < 1.2 K of aluminium, the normal electronic thermal conductance along the lines is efficiently suppressed.
Each DC-SQUID can be modelled as a parallel connection of a Josephson inductance L J and capacitance C J . L J < "/(2eI C ) can be tuned by external magnetic flux W threading through the DC-SQUID loop, as the critical current is I C < I C0 jcos(pW/W 0 )j. Here I C0 is the Ambegaokar-Baratoff critical current 17 determined by geometry and materials, and W 0 5 h/2e < 2 3 10 215 Wb is the flux quantum. Capacitance C J is a constant determined by geometry and materials.
The length of the lines connecting resistors R 1 and R 2 is ,30 mm, that is, much shorter than the typical thermal wavelength l th 5 2p"c/ (k B T), which is several centimetres at 100 mK; here c < 10 8 m s 21 is the speed of light on a silicon substrate. Therefore we do not need to consider a distributed electrical model with a transmission line, but instead Z(v) is effectively a lumped series connection of two LC circuits, that is,
21/2 , and we have assumed for simplicity that the two DC-SQUIDs are identical and that they are exposed to the same magnetic field. This is expected to be a good approximation in view of the symmetric experimental configuration. The net heat flow between 1 and 2 is then given by
where the matching parameters r i now depend on temperature as:
Above we have defined v th,i ; k B T ei /" and
For the full description, we still need a thermal model incorporating the two competing relaxation mechanisms, due to photons and phonons, respectively. This is schematically depicted in Fig. 1 , where the temperature in each resistor tends to relax via electron-phonon coupling G epi to the constant temperature T 0 of the bath, and towards a common temperature of the two resistors via the tunable photonic conductance G n . P i denotes the external heat leak into resistor i: owing to wire connections, P 1 has a significant non-zero value even in the absence of intentional heating, whereas P 2 turns out to be very small, as the corresponding resistor is not connected directly to external leads. We may describe the steady state of the system by power balance equations:
where 6 equals 1 for i 5 1, and 2 for i 5 2, and V i is the volume of resistor i. Equation (6) combined with equation (5) can be solved numerically to obtain the temperatures T ei under given conditions. We note that the thermal analysis of the system would be even simpler, if resistor 2 were very large in size (but still with the same resistance) to fix T e2 at T 0 . Yet such a design would introduce complications in fabrication, and also the simple lumped element electrical analysis would eventually fail. The experiments were performed in a 3 He- 4 He dilution refrigerator at temperatures from 30 mK up to several hundred mK. All the measurement wiring was carefully filtered and essentially only DC signals were used. One of the NIS tunnel junction pairs connected to resistor 1 was used as a thermometer by applying a small (2.4 pA) DC current I P through it and by measuring the corresponding temperature dependent voltage V P . When biased at a low enough current, high sensitivity is obtained without excessive self-heating or selfcooling effects 9 . The NIS thermometer is then calibrated by measuring V P against the bath temperature T 0 , by slowly sweeping the temperature of the mixing chamber through the range of interest, from about 40 mK up to about 500 mK. Figure 2a shows such a calibration run. The dependence of R ; V P /I P on temperature turns out to be linear in the range 100-300 mK, which is as expected at temperatures well below T C (refs 9, 16) . At low temperatures, R saturates, which we ascribe predominantly to residual heat input into resistor 1 owing to coupling to the environment and to self-heating. By setting P 1 5 1 fW, we obtain the measured R versus T 0 curve through equation (6) at half-integer values of W/W 0 , where the photonic contribution can be neglected. We use this value of P 1 in analysing the actual measurements.
The measurements of thermal coupling are then done by stabilizing the bath at a desired temperature. Then we apply slow sweeps (,1W 0 min 21 ) of external magnetic flux, which threads the two DC-SQUID loops nominally identically. A typical amplitude of the field sweep is such that it corresponds to 4-5 flux quanta through each DC-SQUID. In our geometry, this corresponds to a field of about 100 mT. The NIS thermometer reading is then averaged over several tens of such field sweeps, to measure accurately the periodic variation of T e1 in response to the field sweep. Figure 2b shows results of a measurement at a few bath temperatures as described above. We see that the modulation of T e1 in response to magnetic flux W is about 6 mK at the lowest bath temperature and it decreases monotonically when T 0 is increased. Based on this data and our electrical and thermal models above, we expect that the maxima in T e1 correspond to the weakest electronphoton coupling at half-integer values of W/W 0 . In Fig. 2c we plot with circles the corresponding modulation amplitude of T e1 between its maximum and minimum values, DT ; T e1,max 2 T e1,min , as a function of T 0 for the experimental data in Fig. 2b . We have added to the figure a solid line from our theoretical model, assuming R 1 5 R 2 , P 1 5 1 fW, P 2 5 0 and I C0 5 20 nA. The last value is a fit parameter, as we cannot measure it directly in our geometry, but it is in line with the measured values of critical currents of DC-SQUIDs that we fabricated with the same parameters separately. We set C J 5 15 fF, based on the geometry of the device. Additionally, we use a typical value S 5 2 3 10 9 W K 25 m 23 (ref. 8) , and V i 5 6 3 10 220 m 3 for both resistors. The latter corresponds to the volume of each resistor excluding the overlap areas of NS contacts. The agreement between the experiment and the model is very good, and we therefore use these very realistic parameters in analysing all the results reported here. These data imply (Fig. 2d) that r i at integer values of W/W 0 lies in the range 0.6-0.3, when we vary temperature from ,60 mK (the approximate value of T e2 at the minimum bath temperature) up to 200 mK, that is, the electron-photon conductance is about one-half of its quantum value in our experiment. Note that G n is expected to approach the quantum of thermal conductance upon lowering temperature, as the thermal frequency v th,i decreases linearly with T ei , and the line impedance at low frequencies, determined by L J , decreases likewise.
Next we present experiments where external power was applied to resistor 1, using the second pair of tunnel junctions connected to it as a heater. Figure 3 demonstrates such measurements at different bath temperatures. Compared to the data at the lowest bath temperature of 60 mK, where an essentially monotonic decrease of DT can be observed, the intermediate bath temperature data demonstrates a non-monotonic dependence: there is an initial increase of the signal on increasing the heating, and then slow decrease towards higher power levels and higher T e1 . Finally, at the highest values of T 0 , the signal is first absent but emerges upon increasing the input power. This behaviour arises because by applying Joule heating to just one resistor, we can establish a larger temperature difference between the two. Yet at large enough levels of P 1 , the overall temperature of the system increases, and the significance of the photon coupling with respect to electron-phonon coupling is diminishing, and the temperature modulation becomes very weak. All these dependences are fully consistent with our theoretical modelling of the system, and we obtain quantitative agreement with the data by using the same electrical and thermal parameters of the system as when modelling data of Fig. 2 . The theoretical lines in Fig. 3 are the result of this modelling. In the inset of Fig. 3 we show a few full modulation curves of T e1 versus W at a bath temperature of 75 mK. The black lines are from experiment and the red ones from the theoretical model. The theoretical lines capture the main features of the shape of the experimental curves.
Our experiment demonstrates what was proposed recently 7 : it is not justified to assume that an electron system like the one discussed here would be efficiently decoupled from the environment once the electron-phonon coupling is suppressed at low temperatures. The observed / T photonic conductance thus has implications for the performance and design of micro-bolometers and calorimeters, where efficient suppression of thermal coupling is usually taken for granted. Owing to better coupling to the environment by photon conductance, the expected sensitivity of such devices is reduced, and their noise is enhanced. On the other hand, this mechanism could possibly provide a way to tune the thermal coupling of a bolometer to the heat bath in order to optimize its operation, which is a trade-off between sensitivity and bandwidth. The radiation of heat could also help to remove excessive heat-for example, from dissipative shunt resistors of ultra-sensitive or very low temperature SQUIDs 18 , or at the back side of an electronic micro-refrigerator 19 . Furthermore, the photonic coupling could act as a mediator of decoherence: for example, in solid-state quantum coherent devices 20 . The strength of this harmful effect depends (as in our present experiment) critically on the matching between the noise source and the system that it affects. 
